Introduction
One of the most appealing developments in chemistry with increased recent interest in noncovalent interactions is halogen and other σ-hole bonding interactions. 1 Initial interests in most of these studies lie with, among other things, four principal issues. One of it was to understand why the negatively charged halogen in one molecule could make long-range contacts with the negatively charged sites in other molecules in many crystallographically stabilized structures.
2
A second interest was to explore factors that best elucidate the chemical physics and anisotropic nature of halogens. 2d-2f A third interest was to develop a firm understanding on whether these and other factors are responsible in determining the geometrical stabilities of the D···X-A interactions. 2e-2g In D···X-A, D is an electron donor and A is an electron deactivating (ED) atom or a fragment covalently bonded to halogen X; the commonly studied ED groups include, among others, -NO 2 , -C≡N, -CX 3 (X = F, Cl, Br, I) and -X (X = F, Cl, Br, I). [1] [2] And, the fourth one was to identify and develop novel experimental and theoretical strategies that could best describe the three former issues. It is worth noting that halogen and other σ-hole bonding interactions are competitive with D···H-A hydrogen bonds, 1a,1b,1f, 1g,1k and are more sensitive to tunability, have strong directional preferences for bonding, and are widely responsible in explaining many phenomenological processes in chemistry and molecular biology, 1g,1h, and in the design of drugs 1l and engineered supramolecular materials. 1g,1h,1k We are in particular interested in σ-hole interactions. σ-holes are a special kind of electropositive electron-deficient regions along the outermost extensions of covalent bonds to halogens in molecules, this concept was first introduced in 2007. 1e Many recent studies reveal that σ-holes can also show up on particular main group atomic surfaces (e.g., elements of groups 14 -16) when they are covalently bonded to A. 3, 4 This is because the deactivating group pulls electron densities towards the covalent bond through its interaction with the main group atoms in molecules, leaving behind a small region of depleted electron density on the outer lobe of the covalent bonds. 1a,1c,3,4 The σ-hole therefore acts like a tiny activated magnetic attractor which is skilled enough to pull electron rich negative centers, such as Lewis base centers, on another molecules towards itself to form electrostatically stabilized long-range contacts, thereby giving particular shapes to the resulting complex geometries. [1] [2] [3] [4] The molecular electrostatic surface potential model best describes the σ-holes. It determines the local most maxima and minima values of electrostatic potential (V s,min and V s,max , respectively) on atomic surfaces in molecules. 1c,1e In general, these appear around the lateral-and along the axial-sites of an atom X on the extension of the A-X covalent bond, respectively, which can be either positive or negative depending on the nature of the substituents A in A-X. For example, in hydrogen halides H-X the halogen (σ-hole) V s,max are ca. -19.38, +9.34, and +15.95 kcal mol -1 on the outermost extensions of the H-F, HCl, and H-Br covalent bonds, respectively, obtained using MP2(full) /6-311++G(3d,2p) . These results show that with increasing the electronegativity of the halogens the strength of the σ-holes gradually increases from X = F to Cl to Br. This trend in V s,max is more general, observed for many different series, 1g,3a,4d including, for example, the methyl halides X-CH 3 (X = F, Cl, Br), where F-CH 3 (C-F = -21.0) < 3 Cl-CH 3 (C-Cl = -1.5) < Br-CH 3 (C-Br: +5.9) with B3PW91/ 6-31G(d,p) A positive σ-hole (V s,max > 0) in a molecule is always prone to engage in establishing noncovalent interactions with negative sites (V s,min < 0) occupied on another molecules, leading to the formation of σ-hole bonding interactions. 1e,1g,2,3,4 This widespread view adequately explains vast majorities of donoracceptor interactions comprising of atoms of groups from 14 to 17, thus is more general no matter what computational methodology is used, [4] [5] but the detail of the nature of these interactions is still a topic of many discussions because of their complexities. 5h For some of the group 14-16 atoms, which are more electronegative, the V s,max are negative (V s,max < 0) along the outer extensions of the covalent bonds (e.g., H-F), and consequently they are not expected to engage in σ-hole bonding interactions with other molecules according to Politzer et al. 4d Several authors pointed out that σ-hole theory does not explain an existing noncovalent interaction in certain heterodimers. 1c,1e,1g,1l,2a,5 One such example is the H 2 C=O···Cl-CH 3 complex.
According to Clark et al 1e and Politzer et al 1c the combined effects of the chlorine's high electronegativity and the significant sp-hybridization along the C-Cl bond cause an influx of electronic charge that neutralizes the σ-hole on the outermost portion of the chlorine, it therefore cannot σ-hole bond with the negative site on other molecules, an interpretation which may be in agreement with that of others. 6 This argument seemingly fact-based for F-CH 3 is also applicable to the fluorine in CF 4 because, according to refs, 1c,1e,4d the halogen surfaces in these molecules are entirely negative. To our view, this interpretation may be true for the fluorine in F-CH 3 given its electronegativity χ is markedly large compared to the other three members of the halogen family (χ(F) = 3.98 vs. χ(Cl) = 3.16, χ(Br) = 2.96, and χ (I) = 2.66). 7a However, it should not be the case for the chlorine in Cl-CH 3 given the electronegativity and polarizability of atomic chlorine are perceptibly large compared to that of the fluorine (atomic polariabilities for respective atoms are ca. 2.18 and 0.557, in units of 10
Nevertheless, the specific suggestions made in refs. 1c,1e,1g,2,4d do not match with the justifications of Riley and Hobza, 5b who have showed that the outermost portion of the chlorine in Cl-CH 3 along the C-Cl bond is capable of establishing a long-range contact with the negative oxygen center in formaldehyde (H 2 C=O), leading to the formation of the H 2 C=O···Cl-CH 3 complex. Palusiak demonstrated that formation of this complex is unstable with BP86/QZ4P, 6c whilst Riley et al suggested that the stability of this complex is predominantly determined by the electrostatic and dispersion interaction components that contribute significantly to its binding energy. Supporting this latter view of Riley et al, 5b Politzer et al 1g added in saying that the polarizing effect of the oxygen in H 2 C=O is evidently enough to induce a positive potential on the chlorine, which is then responsible for the formation of the H 2 C=O···Cl-CH 3 complex, which we believe to be misleading.
Moreover, in 2012, Eskandai and Zariny provided a compact lump-hole topological model 5c description to validate the genuineness of the σ-hole bonding interaction in the H 2 C=O···Cl-CH 3 complex. However, according to them, the σ-hole concept is effective only when electrostatic forces play a predominant role to stabilize the halogen-bonded complexes, and that it fails when other energy asserts that despite the chlorine in CH 3 -Cl is not having a positive σ-hole, however, the H 2 C=O···Cl-CH 3 complex formation appears to be due to polarization by the halogen-bond acceptor, in conjunction with dispersion. Incontrovertibly, from the varied interpretations made by several authors, there is no way of saying whose conclusion captures reality on the nature of the σ-hole in Cl-CH 3 . Towards this end, one of the main goals of this paper to reexamine why the σ-hole concept cannot explain the noncovalent bonding observed in H 2 CO···Cl-CH 3 .
To be precise, we examine whether this above failure is a conceptual shortcoming of the σ-hole theory or simply an artefact of the levels of theory previously employed?
Interest in the chemistry of Cl-CH 3 stems from its importance, among other things, as a hazardous substance (leading to the risk of chronic health effect, cancer and death), Studies on the hydrogen bond accepting ability of the chlorine in Cl-CH 3 are also carried out in the past, 9a-9b which shows that the lateral sides of the chlorine can make a long-range contact with the H atom of its binding partner H-Cl, in agreement with experiment. , Figure 1 ). However, as noted above, the chlorine in Cl-CH 3 has a negative V s,max on its surface is already ossified into a dogma, thus its nature needs to be clarified to demonstrate its σ-hole-donating capacity.
In this paper, we aim at investigating how, and to what extent, the sign and magnitude of the chlorine σ-hole V s,max in Cl-CH 3 would vary on its 0.001 au isodensity surface with respect to the two most promising and most frequently used Density Functional Theory (DFT) functionals (B3PW91   10a   and   M06-2X   10b ), in conjunction with twenty-three basis sets of Pople and Dunning types. We benchmark these results against the best levels of theory employed, the second-order complexes. Finally, we attempt to cross-correlate various (intermolecular) topological and non-topological bonding properties revealed by these theoretical methods to provide insight into whether at least which of these properties can be best used to serve as indicators of complex stability.
Computational methodologies
The B3PW91 
6-311++G(2d,2p), and 6-311++G(3d,2p). Tight SCF convergence and ultrafine integration grid criteria instead of default settings are impetrated for DFT calculations.
To explore the reactive behavior of the various atomic and inter-atomic regions present in the fourteen isolated molecules, analyses of the MESPs 1g,2,3,5 are carried out using MultiWfn code. The energy-minimized geometries obtained for Cl-CH 3 are used for generating the wavefunction files, which were then supplied to MultiWfn code 15 for evaluating the V s,max and V s,min on the corresponding 0.001 au isodensity surfaces of the Cl-CH 3 molecule. For reasons discussed later, the MESP calculations for the Cl-CH 3 molecule are also performed on the 0.0015-and 0.002-au isodensity surfaces. And, for the other thirteen monomers, the MESPs are examined on their respective 0.001-, 0.0015-, and 0.002-au isodensity surfaces only with MP2(full)/6-311++G(3d,2p). All these above results are benchmarked against the CCSD/6-311++G(3d,2p).
The geometries of all the thirteen binary complexes formed between CH 3 -Cl and the other thirteen monomers are optimized using MP2(full) and CCSD, both in conjunction with 6-311++G(3d,2p).
6
The keyword Density=Current was requested during these calculations. Because the Hessian second derivative calculations are very extensive even for small complexes with CCSD/6-311++G(3d,2p), we have performed these calculations only at the MP2(full)/6-311++G(3d,2p) level on the corresponding energy-minimized geometries of the monomers and complexes to exploit the vibrational characteristics.
The resulting positive Hessian eigenvalues confirmed the true nature of the energy-minimized geometries of both the monomers and complexes. 16 For graphical analyses of the normal mode vibrational frequencies and presentation of the molecular electrostatic surface potential maps the Gaussview 05 17 and AIMALL 18 packages are used, respectively.
To comprehend whether the Cl-CH 3 subunit forms stable complexes with the RN series of thirteen molecules, eqs. 2 is used for calculating the binding energy, ∆E, between the two monomers in each of the RN···Cl-CH 3 complexes without incorporating the effect of the zero-point vibrational motion.
In this eqn., the terms E T on the right-hand-side are the uncorrected total electronic energies at 0 K that refer to both the isolated and complexed species. Further calculations are performed with the RHF/6-31+G(d,p) method on the MP2(full)/6-311++G(3d,2p) optimized geometries of the RN···Cl-CH 3 complexes to evaluate the second order perturbative estimates of electron charge transfer delocalization energies, E (2) , operating between the donor ( i ) and acceptor ( j ) NBOs. Eq. 3 represents to the expression that governs E (2) , where i ε and j ε are the diagonal orbital energies of the donor ( i ) and acceptor ( j ) NBOs, respectively, i q is the donor orbital occupancy, and
F is the off-diagonal NBO Fock matrix element. NBO programs 13 incorporated in Gaussian 09 14 was employed for this purpose. To discern how effective are the nature of charge rearrangements and the changes in the molecular polarities that accompany complex formation, the integrated charges (q) and dipole moments (µ) are calculated using Eqs. 4 and 5, respectively.
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In Eq. 4, ) (Ω q is the electronic charge associated with atom Ω , Ω Z is the charge of the nucleus of atom Ω , ) (r ρ is the molecular charge density, and the integration extends over the entire basin of atom Ω . In Eq. 5, Ω r is the position vector with the origin is
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Physical Chemistry Chemical Physics Accepted Manuscript 7 located at the nucleus of atom Ω , Ω R is the position of the nucleus of atom Ω in the arbitrary molecular coordinate system, ) (r ρ is the molecular electron density function, and the sum and integration run over all atoms in the molecule or that in the molecular complex. Without any specific bias, the MP2(full)/6-311++G(3d,2p) optimized geometries are used to obtain the charge and dipole moments of the monomers and complexes at the same level. The theory relies on two scalar properties, charge density ρ and reduced-density-gradient (RDG, s), which are related to each other by Eq. 6. We apply this method to unravel the nature of the intermolecular bonding interactions in the RN···Cl-CH 3 complexes. (7) 3.
Results and discussions Table 1 summarizes the MP2(full)/6-311++G(3d,2p) and CCSD/6-311++G(3d,2p) calculated monomer electric dipole moments µ, the zero-point vibrational energies ZPVE, the C-Cl, P-N and C-N bond distances r, and the nitrogen V s,min along the outer extensions of the C-N and P-N bonds. The experimental data are also included wherever feasible. One may see from the table that there is a reasonable agreement between the MP2(full) and CCSD dipole moments for all the monomers, expect for PCCN for which the latter method largely overestimates µ compared to the former. The C-Cl, P-N and C-8 N bond distances are largely overestimated with the former method compared to the latter method.
Monomer properties
Other than this, the agreement between calculated and experimental µ and ZPVE values is reasonable, implying that the choice of the computational methodologies may be adequate to describe the physical properties of the RN···Cl-CH 3 binary complexes investigated. Murray et al,
3.2
Clark et al, 1e,5g and Ibrahim, 5f who have repeatedly suggested negative a V s,max on the chlorine surface in Cl-CH 3 (e.g., V s,max values were ca. -1.5, -0.9, -0.73, and -
and B3PW91/6-31G(d,p), 5f respectively).
Is this above 0.001 au isodensity surface mapped positive electrostatic potential of the chlorine sensitive to the level of correlated method (and basis sets) by which they are estimated? The answer is yes. Now, let us look at . The basis sets cc-pVDZ, aug-cc-pVZD, and cc-PVTZ predict slightly negative V s,max , whereas that of jul-cc-pV(D+d)Z and jul-cc-pV(T+d)Z predict slightly positive V s,max for the chlorine σ-hole with MP2(full), B3PW91 and M06-2X. On the other hand, the MP2(full) method gave negative V s,max for most of the double-ς basis sets that do not include ++ and 2d polarization functions, and positive V s,max for most of the triple-ς basis sets passing from 6-311G(d,p) to 6-311++G(d,2p) . There is a few exception to this latter characteristic, in which, the V s,max is ca. -0.31, -0.05, and +0.22 kcal mol -1 with 6-311G(d), 6-31G(2d,p) , and 6-311G(2d,2p), respectively.
Contrastingly, the B3PW91 and M06-2X methods show some major deviations both in signs and magnitudes of the V s,max , details given in Table 2 . Secondly, we observe no specific trend in the V s,max obtained with the three correlated methods in conjunction with a given basis set, compared to those 9 obtained with these methods in conjunction with most of the other basis sets (this can be inferred comparing the V s,max values listed in the first four rows of Table 2 , for example). However, the V s,max obtained with triple-ζ basis sets containing at least two sets of each of the d-and p-polarization functions eliminate the above discrepancy, in which cases, the V s,max follow a specific pattern: M06-2X < B3PW91 < MP2(full), which can be inferred comparing the V s,max values listed in the last four rows, for example. Clearly, the above results allow one to conclude that the MP2(full) outperforms the two DFT functionals, and that this method does not require additional diffuse and polarization functions to favorably predict a positive σ-hole (V s,max > 0) on the chlorine's 0.001 au isodensity surface in H 3 C-Cl.
The result is in excellent agreement with the value of +1.01 kcal mol -1
, calculated with CCSD/6-311++G(3d,2p). From the aforementioned results, it is probably that the varied signs of the chlorine σ-hole V s,max are a consequence of the level of electron correlation, but in addition to this, the size of the basis set is one of the major factors that determines the sign of the chlorine V s,max in H 3 C-Cl.
According to a reviewer, the signs and magnitudes of the chlorine V s,max obtained with various methods/basis sets are controversial, and there is no guarantee which method captures the reality. In this context, we prioritize that the evaluation of the MESP often relies on the 0.001 au isodensity surface, a surface that lies at a distance somewhat greater than the van der Waals radius of an atom in molecules. ), is that it reflects the properties of that molecule, viz., the lone pairs, electron occupancies, atomic volumes, strained bonds, etc.
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These physical properties of the molecule, according to Bader and coworkers, 30 are also independent of the choice of the 0.001-and 0.002-au isodensity surfaces, as are large enough to contain at least 96% of the molecule's electronic charge, and lie within the usual limits of van der Waals contact distances.
Accordingly, we extended our calculations to compute the chlorine V s,max on the 0.0015-and 0.002-au isodensity surfaces with MP2(full), and the results are collected in Table 2 , and are compared with the corresponding 0.0015 au mapped results obtained with B3PW91 and M06-2X. Not surprisingly, the chlorine V s,max are found to be all small and positive on the 0.0015-and 0.002-au isosurfaces, again this is regardless of the nature of the twenty-three basis sets and the levels of electron correlation. with these four levels of calculation, respectively. Our above conclusion is thus decisive, confirming the fact that chlorine's σ-hole is indeed having a positive electrostatic potential on its surface along the outermost extension of the C-Cl bond in H 3 C-Cl. It is worth mentioning that this argument for H 3 C-Cl is also applicable to the fluorines in tetrafluoromethane (CF 4 ), although their surfaces along the outermost extensions of the C-F bonds were demonstrated in several occasions to be entirely negative;
1c,1g,2a,3a
we report our result elsewhere.
Binary complexes
3.3.1 Structural properties Figure 2 illustrates the RN···Cl-CH 3 binary complexes examined. In each of the complexes in it, the chlorine in Cl-CH 3 is directed almost in the same line towards the oppositely placed nitrogen center in
RN. An important geometrical parameter that gives some tentative information about the nature of bonding interaction between the monomers in the equilibrium structures of the complexes is the N···Cl internuclear distance of separation. As one sees from Another very important structural information can be gleaned by inspecting the intermolecular bond angles existing between the first three or the last three atoms of the R-N···Cl-C motifs of the RN···Cl-CH 3 complexes. These three atoms involved in the two geometrical arrangements are nearly linear in the first eleven complexes listed in Table 3, 
Binding energy and its relationship with V s,min
The binding energy, ∆E, is an important measure of the strength of an intermolecular interaction.
It gives some knowledge about the exothermic (as well as endothermic) nature of a reaction between the monomers. ∆E for the RN···Cl-CH 3 complexes are calculated using Eq. 2, and the results are summarized in they found the interaction energies for the other two members of the series, H 2 CO···X-CH 3 (X = Br and I), to be primarily due to charge transfer and polarization effects. Evidently, the results of the two energy-partitioning approaches adopted in the two above studies are contradictory to each other, showing that these methods are not physically rigorous. There is therefore no guarantee which part of the interaction energy (electrostatic, or polarization, or dispersion) will be the primary source for the stabilization of the above complexes.
As emphasized previously by us,
as well as by others, 32 the Basis Set Superposition Error (BSSE) correction for energy using the counterpoise procedure of Boys and Bernadi 60 needs to be accounted for with caution. This is likely for ab initio wave function theory correlated calculations because at these levels the BSSE jeopardizes the true physical quality of ∆E by predicting a large spurious and unphysical attractive energy between the monomers. 32a,32b To support this statement, we computed the BSSE only with the MP2(full) method, and the data summarized in Table 3 show that the values of the BSSE are to lie between 69% (NCCN···Cl-CH 3 ) and 219.8% (HOCN···Cl-CH 3 ) of ∆E.
12
The nitrogen in NCCN in the monomer series is found to have the least V s,min (cf. that the polarizing field of the oxygen lone pair in H 2 C=O will create a positive electrostatic potential on the surface of the chlorine in Cl-CH 3 , this will then bring the two monomers together to form the H 2 O=C···Cl-CH 3 complex, is deemed misleading.
From the data in Table 1 inverted, that is, NC-C≡N < CN-C≡N < CCl 3 -C≡N < F-C≡N < PC-C≡N < Cl-C≡N < Br-C≡N < P≡N < HS-C≡N < SiH 3 -C≡N < HO-C≡N < CH 3 -C≡N < Na-C≡N. Figure 3 illustrates the relationship between the nitrogen V s,min in RN and the ∆E for the R-N···Cl-CH 3 complexes.
Atomic charges
According to the recent studies of Grabowski the displacement of electronic charges on atoms in monomers gives an indication of complex formation. In addition, this displacement also explains certain geometrical and frequency changes. Although an exploration of the detail of this specific property is not the main purpose of this work, we only note that we observed such charge displacements upon formation of the RN···Cl-CH 3 complexes, in which cases, the magnitudes of both the chlorine and nitrogen partial charges computed with the MP2(full)/6-311++G(3d,2p) method decrease with respect to that found for the corresponding atoms in the monomers. Figure 4 shows that the integrated QTAIM charges (for q, see eqn. 4) on the bonded chlorine and nitrogen atoms are both negative for each complex (i.e., Cl
feature which is also common for all the other complexes in the series. This may be physically meaningful
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since the magnitude of the negative charge on the chlorine atom is substantially smaller than that on the other atom in the bonded pair, which is indeed essentially required for the realistic description of an acidbase interaction. 34 The transfer of charge between the binding partners in RN···Cl-CH 3 is very marginal, all < 0.0076 e, which is probably an extreme form of polarization.
Natural bond orbital analysis
The molecular electrostatic surface potential analysis unequivocally demands that the N···Cl intermolecular interactions in the RN···Cl-CH 3 complexes are the result of the overlap between the negative-and positive-areas of the electrostatic potential associated with the electron-donor andacceptor atoms of the monomers. However, it does not explain the nature of the electron delocalization between the donor-and acceptor-orbitals involved. In an attempt to get some insight into this particular feature, NBO results for σ(C-Cl) → RY*(N).
Vibrational characteristics
A feature commonly referred experimentally and theoretically to elicit the nature of a D···H-A hydrogen-bonded interaction lies in the length of the A-H covalent bond that usually increases (or decreases). Concomitant to this increase (or decrease) there is generally a red-shift (or a blue-shift) in the infrared stretching vibrational frequency ω, and an increase (or a decrease) in the infrared intensity I; the changes are with respect to the corresponding properties of the isolated molecule. The 14 aforementioned vibrational signatures are quite distinctly catalogued for the hydrogen-bonds, 35 but such attributes are yet to be formulated for halogen and other σ-hole interactions. For instance, the IUPAC recently proposed a more formal rule, 2g wherein it is accentuated that the infrared absorption and Raman scattering observables of both A-X and covalently bonded D in the D···X-A motif are to be affected by halogen-bond formation. However, this does not vivify the typical nature of the spectral shift in the A-X bond vibrational stretching frequency that accompanies halogen-bond formation.
Notwithstanding, the chlorine bonded complexes examined in this study display a variability in the nature of the spectral shift associated with the C-Cl bond normal mode vibrational frequencies. This is evident of the data in Table 3 Figure 5a depicts the desired MP2(full) relationship between vibrational frequency shifts ∆ω and bond length changes ∆r(C-Cl) for the RN···Cl-CH 3 complexes. Figure 5b illustrates the MP2(full) relationship between the decrease in the infrared intensity ∆I and the change in the integrated QTAIM charge ∆q(Cl) associated with the chlorine of the CH 3 -Cl monomer in the R-N···Cl-CH 3 complexes.
Dipole moment changes
Electric dipole moment µ is a measurable physical property of a polar molecule. We have included the µ values in Table 1 , which shows that the isolated molecules other than cyanogen (NCCN) are having permanent electric dipole moments, calculated using eqn. 4, meaning that they are all polar.
The direction of dipole moment vector, → µ , in isolated CH 3 -Cl is from the partially negative chlorine towards the partially positive carbon. In the Lewis bases, the nitrogen is the most electronegative atom due to its very high negative charge, thus → µ in them each is directed from the nitrogen towards the center of the most electropositive site along or off the internuclear axis, as expected. Figure 6 illustrates the relationship between µ and V s,min , showing that the latter property is probably a factor that determines the polarity of the monomers, a relationship that came to sight for the first time.
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For the RN···Cl-CH 3 complexes, the µ values are ranging from the least of 0.44 D for FCN···Cl-CH 3 to the largest of 10.08 D for NaCN···Cl-CH 3 with CCSD, in agreement with the MP2(full). In this comparison, the MP2(full) dipole moment of 0.47 D for the CCl 3 CN···Cl-CH 3 complex is not included as its geometry was not energy-minimized with CCSD. Nevertheless, both the methods display a substantial decrease in the dipole moments upon the formation of the RN···Cl-CH 3 complexes, ∆ µ , relative to the sum of the monomer dipole moment values (see Tables 1 and 3 for details). The specific feature is in contrast to what is normally observed for analogous complexes in the gas phase. 
QTAIM-and NCI-RDG-based characteristics
Application of QTAIM to explore the bonding topologies in chemical compounds is widespread.
11
Several indicators of this theory are generally examined to gain valuable insights into whether there are noncovalent interactions between monomers in complexes, and whether they can suitably describe the geometrical and energetical stabilities. The two most common indicators of this theory are the (3,-1) saddle point called 'bond critical point (bcp)' and the 'bond path' that connect the nuclei of two atoms in a bonded pair in molecules. The MP2(full)/6-311++G(3d,2p) molecular graphs emerged from application of this theory to the RN···Cl-CH 3 bimolecular complexes are illustrated in Figure 2 ; similar molecular graphs are also obtainable with CCSD(T)/6-311++G(3d,2p)//CCSD/6-311++G(3d,2p). Evidently, each molecular graph is well described by several (3,-1) bcps painted in darkred point-like spheres, including the (3,-1) bcp at the N···Cl intermolecular bonding region. Because N···Cl bond path lengths are almost identical to the corresponding intermolecular distances of separation for these complexes, the N···Cl geometries are therefore minimally strained.
The abovementioned QTAIM bonding topologies are in excellent agreement with the NCI RDG s vs. (sign λ 2 )ρ plots (see Eq. 6). Figure 7 depicts the NCI RDG s vs. (sign λ 2 )ρ plots for some selected complexes, including the Cl-CH 3 complexes of FCN, BrCN, PN, and HOCN. In each of these plots the N···Cl interaction is reminiscent of the trough centering near around ρ ≅ 0.0075 au, where λ 2 < 0. There is also another trough in each of these plots which is appearing on the right of ρ ≅ 0.0 au, i.e., around 0.0040 au, where λ 2 > 0. Both these troughs with CCSD(T)/6-311++G(3d,2p)//CCSD/6-311++G(3d,2p) appear at lower densities around ρ ≅ 0.0047 au and 0.0045 au, respectively. We expect this latter peak must be due to a related (secondary) interaction arising between the electron-accepting and -donating fragments of the monomers in the complexes, contributing constructively to the intermolecular charge densities at (3,-1) bcps. According to NCI-RDG, these sorts of troughs are revealed in the low density The three curvatures commonly referred in QTAIM to interpret chemical bonding topologies at bcps are described by the three principal eigenvalues λ i(i = 1, 2, 3) of the second derivative matrix of the ρ(r). As listed in Table 4 , the computed values of first two of them, which are due to the plane perpendicular to the bond path direction, are degenerate and negative, λ 1 ≅ λ 2 < 0, similar to what was found previously for C-C σ-bond of ethane.
11,37
The third eigenvalue λ 3 along the bond path is positive, λ 3 > 0. Interestingly, the former is in line one of the NCI-RDG signatures that commends that for interatomic regions with λ 2 < 0 and λ 2 > 0 one may encounter bonded and non-bonded (steric) interactions, respectively.
12
The ellipticity ε b (ε b = λ 1 /λ 2 -1) is an unambiguous tool with which to assess whether a pair of two atomic basins in a molecule is singly, or doubly, or triply bonded. To give an example, the carboncarbon bond has an ellipticity value of 0.23 in aromatic benzene, of 0.45 in ethylene, and of 0.0 in acetylene and ethane.
11,37
Its value for the N···Cl bcps in the RN···Cl-CH 3 systems is almost close to zero, suggestive of cylindrically symmetric σ interactions. An intriguing two-electron descriptor is called electron delocalization index (δ), Eq. 7. It is often invoked to measure the extent of electron pairs delocalized between a given pair of two atomic basins in molecules.
38-40
The property has a strong resemblance with bond order, and is calculated using a procedure we adopted previously.
3d,3f,39 Table 4 (5) The BSSE for wave function methods may not be recommended because it leads to an unphysical overestimation of the energy of attraction. For instance, an inclusion of it erratically causes the negative sign of the ∆E to become more positive for most of the binary complexes.
(6) The C-Cl bond vibrational stretching frequencies for the RN···Cl-CH 3 complexes experience characteristic red-and blue-shifts relative to that of the monomer frequency, showing that the nature of the vibrational spectral shift is indeed controlled by the nature the -R portions of the monomers in the complexes. There were concomitant elongations and contractions of the corresponding C-Cl bond distances, respectively. As expected, we observed a relationship between bond distance changes and vibrational spectral shifts associated with the C-Cl bond for the complexes.
(7) We showed that there is a substantial decrease in the total electric dipole moments of the complexes compared to the sum of their corresponding monomer dipole moments. The decrease ∆µ is also in line with the corresponding decrease in the infrared intensity of the C-Cl band for the complexes. 
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